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On Shock Waves in Rock Created by

Surface- or Near-to-Surface Detonations

by

Leif N. Persen

1.Introduction.

This presentation is aimed at giving a survey of the
small scale experiments performed in Norway on behalf of the West-
German Defense Ministry to start a research activity in the field
covered by the title of this report. In addition the data from the
CENSE experiments, which were obtained with much larger charges,
are drawn upon to see if conclusions from the first set of data
could be substantiated. The small scale experiments have been re-
ported on in [1], the CENSE experiment is covered in [2], and the
data from the latter have been obtained directly from the record-
ings. In addition results from some earlier experiments are drawn

to attention. These have been treated separately in [3].

2.General remarks.

The general philosophy behind the small scale experi-
ments referred to above can be outlined as follows. Usually the
rock site of an installation has been tested by confined explo~
sions. In this way the properties of the rock site as a transmitt-
ing medium may be considered known, for instance in the way descri-
bed in [3]. Consequently the creation of a shock wave and its trans-
mission through the rock may be said to be well known, provided the
magnitude of the creating charge is known, and that it is detonated
fully confined.

In the case of a shelter of some kind, the charge
creating the shock wave is usually considered to be a surface
charge of some sort. Detonation is supposed to take place above
ground level, on the ground or at a certain penetation depth be-
neath the surface. The problem then arises how to make predictions

for the propagation of the created shock wave based only on the

——
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knowledge of the fully confined case. One way of answering this
question is to perform exeriments whereby the position of the
charge above (or beneath) the surface is changed from one detona-
tion to another, each time observing the created shock wave. This
idea was more or less the basis for the CENSE experiments, and

' for

the result came out as diagrams of the '"containment factors
different quantities.

The small scale experiments were based on a somewhat
more sophisticated philosophy. As shown in [3], pp.192-194, a possi-
bility exists to draw direct conclusions for socalled "half burried"
cases from knowledge of the fully contained case. It was therefore
thought sufficient to relate cases with varying heights of the
detonating charge above the surface to the "half burried" case. In
this way the problem was split in two "stages', each stage being
basically different from the other as the physics indicate. For
positions of the charge on or close to but beneath the surface
cratering becomes a problem. For positions of the charge above tlic
surface cratering does not necessarily take place. It seems realis-

tic to treat these two 'stages' separately.

3.The experiment Vikersund.

A small scale experiment were performed in VIKERSUND,
Norway. Two different geometries were used. The first one is shown
in Fig.l . A natural precipice with a rather un-eroded surface was
located. In front of or at the vertical wall the charges were de-
tonated at A. From the top of the precipice the holes 1 - 9 were
drilled so that the pick-ups used for measuring strain or particle
acceleration as the shock wave was transmitted could be positioned
in the rock. All measuring devices were placed on the perpendicular
to the surface at A. A separate hole was drilled so that a confined
charge could be detonated in B. This made it possible to monitor
the shock wave as it travelled in both directions between A and B,
and thereby eventual systematical deviations could be detected.
This part of the experiment was more or less a repetition of the

experiment described in [3], pp 175-19kL.
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Fig.1. Geometry of the "row"-experiment
at VIKERSUND, Norway.

In the second geometry used at VIKERSUND, the tech-
nique of fixing strain gauge directly to the rock was used. A hole
was drilled normal to the surface of the rock as shown in Fig.2 .
Strain gauges were fixed to the rock surface at different distances
in the hole from the surface. The necessary wiring was led away in
a sloping hole to prevent it from being broken by the explosion.
The hole is then filled with concrete, and it was hoped that the
signals would give a direct measurement of the strain in the rock

during the passage of the shock wave. The shock wave was created

Fig.2. Geometry of the "hole'"-experiment at VIKERSUND, Norway.

by letting a charge be detonated as shown, whereby the distance %
and the charge magnitude W were varied from case to case. The re-

sults from these experiments will be treated separately.
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4.The "row"-experiment, VIKERSUND.

In the "row''-experiment only charges in contact with
the surface of the rock at A in Fig.l were detonated. Consequently
an increasing crater was developing at A as the experiment progress-—
ed. Because the magnitude W of the charge was increased gradually,
one operated almost automatically with "half burried" charges.

The shots were numbered consequtively, and Table I

shows how the charge magnitude was changed. The table also give
the maximum amplitude of the shock wave measured in [u-strain] at
each of the nine pickups. These details are given to illustrate
the repeatability of the measurements. As shown the repeatability

is not as good as one could wish, and each signal from each pickup

was therefore scrutinized for "misbeaviour'" which might indicate

decreased reliability. It was found that only the shots A4,A5,A6,

A11,A12 and Al4 could be used with some confidence. The fully con- ﬁ
TABLE I Maximum amplitude Ai[u—strain] i
Shot W measured at pickup No: f

in |No. |[[kgl{z=1| 2 | 3 | u|5s|6| 7|8 |9 1
B 1 G 45 61 83] 131 | 1901157|183{256|610 | 792
B 2 2.0 58 7 a1 | 131 = - [214]490 [ 875
A 3 0.5 792} 238 - - = - - - =
A 4 0,5 58%Z] 155 22 201 11 9] - - =
A 5 | 0,5} 629] 190 36| 3uj 45| 12| = | 22| 17
A 6 2:0117801 Gu7| 185 | 1811 u5] n2} 21{(32 23
A T 1 2,0)1466| 309) (273 u2] 20] 16)] = | 18| 12
A 8 I 2,0] = 285] 95| 98| ue| 36| - | u1 24
B 9 23U 23 36 60 [ 131] 78]|131]250(626 | 933
A 10 5,0(11982]1368| 268 - - - - (128 63
A 11 5,01 = 893| 190 | 238] 76| 58| 59| 85 51
A 12 (15,01 = 12320 690 | 547|218 |20u|140{321 | 168
A 13 (15,0 = [2507 489 | 319(171 (148|154 (294 | 139
A 4 (30,01 - |4160(1082 | 786(2781296 357|514 | 274
A | w2 [30,0] - |uouw7{1071 | 785[171 1853301350 | 2us |

tained shot Bl, B2 and B9 will be treated sepnarately, as these are

giving the reference frame for the wave propagation for this par-
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ticular rock. (the norwegian "Gneis'").

The arrival times for each signal at each pickup
was used to determine the signal velocity in the rock. Because the

positions of the pickups are known, the arrival times ti may be

8
Z
Z
] i 8
i
i
m
[m] p
/ [
2 ,/d {
/,/cﬁr
e ¥
A
okx
0 200 400 600 800 1000 1200 1400 f

t [us] —_—

Fig.3. Arrival times ts plotted as function of the distance di

plotted as a function of the distance di of each pickups from the
point of detonation A, as shown in Fig. 3. The slope of the straight
line through the points will then give the signal velocity ey of

the rock. Now there are two possibilities for defining this line:

either: d=d_ +ar (4.1)
o s

or: d = cst (4.2)

Linear regression gives:

either: ey 6327 [m/s] , do = .27 |m) (4.3)

6030 [m/s] (4.4)

or: c
e
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The two cases are illustrated in Fig.3 by a dashed line and a
fully drawn line respectively. The difference between the to
results amounts to 5%, and the absolute value of e, is rather
high. This rather trivial determination of the signal velocity
has been given in detail here because it indicates the quality
of the measurements.

The data for the '"row'"-experiment consis:s cf the

maximum amplitude A. measured at pickup No.Z, the dispersi n Si ;

measured as the maximum slope of the signal in it first pi ise

at each pickup, and the distance di from the explosion to the
pickup. In addition the calibration constant ki of each pickup
may be considered as input data. These are now treated as shown
in [3] to obtain the attenuation curves for the maximum amplitude
and the dispersion. The whole procedure is given in Tables II and
III, where the determination of the shot factors B, the corrected
values of the non-dimensional distances gi,corr as well as of the

charactreistic lenghts a for each shot are also shown. The disper-

sion data Ci have been made dimensionless using
= =¥
e, = 6250 [m/s] B, =4 (4.5)

The attenuation curves will assymptotically be ex-—

pressible as

=~
f

A;gA (for the max. ampl.) (4.6)

A
c;g 2 (for the dispersion) (4.7)

a
]

The evaluation delivers the values of A;,C;, A and Aa’ with the
added information of the standard deviation m given in percent of
the measured values.

As mentioned some of the data obtained were rejected
leaving only data from 6 of the shots to be considered. To make
sure that one has not introduced any irrelevant regularity by this

selection, the shots Al2 and Al4 with the larger charges were also
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neglected and the evaluation repeated as shown in the Tables IV ;
and V. Inspection of the data reveals that only data from the
pickups No.2,3,4,5 and 6 can be relied upon. Those data are marked
with a star (*) in the tables.
The results for the six shots as well as for the four

shots are as follows:

For the 6 shots: For the 4 shots:

(Tables II and III) (Tables IV and V)
A* = 41576 [atm] A% = 45765 [atm] i
A = ~2,15234 A = -2.16719 4.8) i
m = %17.8% m= +18.5% i
C, = 10.88044 ¢, = 11.83964 |
A, = -8.11369 A, = -8.14128 (4.9) i
m= £24.7% m= +23.6% i

For all practical purposes these results may be considered as
identical.
Tables IV and V show the legend used when the result is

plotted in Fig.4 .

Unfortunately the data from the fully confined charges
detonated in B in Fig.l are not reliable. The reason for rejecting
data from the pickups No.7,8 and 9 in the evaluation of the sur-
face charges was, that the signals showed a behaviour which could
be interpreted as caused by a major crack in the rock between pick-
ups No.6 and 7. In this case the shock wave travels in the oppo-
site direction, and one would expect only data from the pickups
No. 9,8, and 7 to be relevant. The data are plotted in Fig.5 and
it is observed that the wave from the 0.5 kg charge is damped less
than the wave from the 2.0 kg charge. Consequently the smaller
charge creates a larger maximum amplitude in the shock wave
after a certain distance than the larger one, a result which must

be rejected on physical grounds.

- J'-"-"--'-'l------n--i------------n--nhillillllllllllilinll‘
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attenuation curves derived from the data

of Bl and B9 seperately.

Difficulties occurredwith the charge in shot B2. The data
from this shot are therefore neglected. The dashed lines in Fig. 5
show the attenuation curves given by the two shots Bl and B9 éeperately.
The deviation is so great that further attempts at drawing meaningful
conclusions from these data are thought futile. This means that the

previously established correlation between the effect of a half burried

charge as compared with a fully contained charge could not be checked.
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5. The "hole"-experiment, VIKERSUND.

The geometry and the purpose of the "hole'-experiment at
Vikersund has already been treated and shown in Fig.2 . Fig.6 shows

the 17 strain gauges and their positions relative to the surface of

4 1" 5
17 16 1513 1; 10 98 7 6 4 3 2 1
e i Rl K-~ B
12
T R S R
| S T | I [ | |
- 55 l
4=quﬁ‘l [ I | o '
~100_ s [ e
—={130 |
{145
161

Fig.6 Positions of the strain gauges in the "ho le""-experiment
at VIKERSUND given in centimeters from the surface.

the rock. It is noticed that the gauges 5 and 6, 11 and 12, and

14 and 15 are placed opposite each other at the same distance from

shot | 5 Rickel 1 2f 3 fuw [s 7 ]afo [0 1] 3]s 4[715 1617 {6 | 12
Na. L4
16 0.5kg| - -] 10| 18] 17| 24| 30| - | uu| e8| 52| wue| 71[{109| 11u
17 60cm -1 -1 12 15l - | 16l 2ul 14| 37] 38| 33l 357| s9l 85| 129
18 -l - 12} 14| 12| 19| 22| 24| uc] 33| ue| 381| s6| 9ul| 13w
19 21s) 13] 1w 17| zs| 30| 26| 42| sol es{ ses| guf12s8] 152
20 “oem |0.5kg|11]12] 13 18| 17| 27| 33| - | so| &3] 71| 711]| 99|1us| 195
21 11 <¢ 12} Tel 1] 231 3u ol 57| s8| 5ul 666 9u{137| 210
22 -1 -1 - | 20f 22] 37} 37] s1) - 2| 60| 643| 86]125] 152
23 90em 2.0kgl15[15] - 23| 26| 39| 37| 35| S2| 47| ue| u76| 6u|l109| 157
24 17|13 - | 20| 20| 31| 37| 37| w7| s&] se| su7| e7]118| 250
25 27|27| 28| 32| 34| s1| se| €1| 76| se| 89| 762|123|187| 199
26 63.5cm 2.0kg|28]29| - | wo| 32| su| 63| 61| 8o|1ou| e7| 773|13u[170] 162
27 23|26 29| 35| 29| 51 60| 57| 7u4|10u|103|1035[118{22y4 g¢9
28 2s|27| 25| 33| 33| wa| eo| ss| 71| 75| 75| 71u| es]121] 163
29 |129em | s.0kg|22|22( 29| 32| 33| 52| s7| s1| 63| s9| e1] 607| 96|103]| 293
30 23120} 28| 27| 32{ ws| uws| w7| 51| 51| s6| ueu| ao0| 79| 239
31 36031| 39| ue| 50| 72| 83| 76|11u|118[112[1000|198]200] us6
37 86em |5.0kg|36| -[ w2| s2| sol 78| sa| 73|128[150{168|1250)225])3un} 737
33 3u| -| 35| s1| us| 73| 73| 71| 77|129]|128[1000] - |256| w37
34 16 =| 18| 21| 20| 30| w2| 37| 66| 67| 73| 857|380|152| 876
35 20em fo.5kgl18l -1 171 23} 21| 3u] as} 2u) se| so| 87) ss7lurel177]1us0
36 13] | 16| 21| 21| 3u| w2 34| 66| 67| 75| 928[ues|183| 950
] i (B
37 32em | 2.0kglsofu3} ss8| 68} - | 9s8f113}118)213] - |310]2237] - |s10] - i
383 walu2| s3| 67| 61| 92| 98|111luse|u07]{22u| 2600 - | - - | s3j280
39 Y3em S-C.Jkg 67162 791 91 35 3Mi1e1}158} - 01 = |5600] - - - 103|360
40 Ocem 10.5kg |86 (87 (119|140 |156|226(256]278] = [927] - = | =-]- - |180]9uz2
“1 =8em |0.5kg|au[87]|105]|125] 10| = | - [378] - | - | - -] =-1- - |164
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the surface. The maximum amplitudes of the shock waves measured in
[u~strain] at each strain gauge as well as the specifications of
each shot (distance above the surface % and charge magnitude W )
are given in TABLE VI.

It is observed that the instrumentation of this experi-
ment is different from the one used in the "row''-experiment. The
question of whether or not the type of instrumentation influences
the data such that conclusions drawn on the physical behaviour really
reflects instrument-induced errors becomes important. It is there-
fore imperative somehow to connect the results from this experi-
ment with that of the "row''-experiment. This occurs first through
the determination of the signal velocity of the rock. In Fig.7 are
the arrival times ta of the signals at the different pickups and
the distance d travelled plotted against each other for the shots

16, 18, 20,37 and 38. The data exhibit a comparatively large scatter,

160
o Shot 16 v #
® Shot 18 g P
4 Shot 20
190 v Shot :;; v d
A Shot .
L}r o ¢
1 80 ® A® O
d a
[em]
40 /
o
o 100 200 300

ta[10%] —=

Fig.7 . Arrival time t, of the shock wave at the pickups related
to the distance d travelled. "Hole"-experiment, VIKERSUND:

AT 07




but the straight line through these points, determined by linear

regression, gives through its slope the signal velocity e, as

follows:

e
8

where b is the distance at which ¢ = 0, leaving an impression of
the accuracy of the measurements. The agreement between the results
(4.3),(4.4) and (5.1) is satisfactory.

The only data in Table VI which may be compared to the
results obtained in the '"row''-experiment are the ones from the }
shots 40 and 41. Only in these two cases did one have the charges
in contact with the rock's surface. The data are repeated in

Table VII which also gives the legend for the points in Fig.8 .

= 6210 [m/s]

- 14 -

s b = 5,18 [m] (5.1)

The straight line through the data
points will have a slope A which
can be determined by linear re-

gression:

TABLE VII
| Shot|Pickup di i
No. 1 .
| [em] [ (u-strl
} ho [ 1 190 86
[ 2 175 87
3 161 119
i 145 140
5 130 156
6 130 180
T 115 226
8 100 256
9 91 278
10 80 -
1 55 927
@1 12 55 9L3
L1 1 190 8L
2 175 81
3 161 105
b 145 125
5 130 140
6 130 164
7 115 =
8 100 -
PY 9 91 378

k= =1.8779 (5.2)

This value should be compared with
the values obtained in (4.8). A
better idea of the agreement be-
tween the two cases is however
obtained by comparing the results
in an attenuation diagram. Fig.8
shows this where the fully drawn
line represents the attenuation
curve determined from the data
shown, and the dashed line repre-
sents the attenuation curve ob-

tained from the results of the

for a charge W = 0.5 [kg)] and with a mean value of k = 3.1 [u-str/atm]

 \E— | | —

"row''-experiment with a = 0.06635 [m]
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50 1\L

50 100 200 300
d; [cm] —»
Fig.8 . Maximum amplitudes A. ("hole"-experiment)

by the shots 40 and 41.
for the calibration constant. Considering the fact that one is
in this case comparing results from experiments with two entirely
different types of pickups, the agreement must be considered very
satisfactory.

So far the experiments have dealt with situations for
which at least some sort of theoretical approach could be en-
visaged. For cases with charges detonated in the air above the
surface, no theoretical method known to the author exists by
means of which one can relate the shock wave induced in the ground
to that which the same charge would have caused when detonated

completely confined. The idea behind the experiments was to do

this experimentally.
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The free hanging charges will induce shock waves in the
rock which will be influenced among other things by the distance %
above the surface at which the charge is detonated. This distance
may be made dimensionless by scaling it against the charge mag-
nitude ¥ , i.e. A, = h/?@P. The experiment was planned such that
the non-dimensional distance %, was repeated for each charge mag-
nitude. One observes that this means equivalence in the way in
which distances are scaled in the rock as well as above its sur-
face.

Before examining the experimental data one may contemp-—
late what kind of relationship one may anticipate. If one uses
the attenuation curve for the maximum amplitude of the shock wave
in the case of fully contained explosions as a guide, one will

expect an attenuation curve as shown in Fig.9 , where the maxi-

Attenuation curve

d —

Fig.9 . Attenuation curve for the maximum amplitude A

mum amplitude A is plotted as a function of the distance d travel-
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led by the shock wave. The diagram is in doubly logarithmic scale
and consequently the curve ought to exhibit an assymptotic be-
haviour as a straight line as shown by the dashed line.

One may be more specific at this point. One cannot off-
hand know how the attenuation curve is influenced by the rock
type, the type of explosive used, the dimensionless duration T, of
the input pulse and/or the elevation 4 above the surface. One can
however assume as a working hypothesis that

a) the distances may be scaled with W,

b) the dimensionless duration T_is the same in all
cases; because among other tgings the same explo-
sive is used ,

c) the data, which here consists of measured maximum
amplitudes of the shock wave, will depend only on
one parameter, say /.

Such a hypothesis corresponds to the expected behaviour of the
attenuation curve for a contained explosion.

This hypothesis is now examined in the two Tables VIII
and IX. First Table VIII is arranged in such a way that the three
cases of constant %, appear separately. One then computes the
ratios between the measured maximum amplitudes at each pickup.
[Ados 5, A0 and Aso are the maximum amplitudes measured with
W =0.5[kg]l , W = 2.0[kg] and W = 5.0[kg] respectively.] It is
observed that the ratios remain fairly constant for larger distan-
ces. The average value of the ratios neglecting those closest
to the charge and appearing in paranthesis () in the table is
given.

Secondly Table IX is arranged such that the three cases
of different charge magnitudes appear separately. Again the ratios
are computed and again the average values of the ratios are given
for the pickups farthest away from the surface. This exercise
indicates that the data should be subjected to a scaling procedure
which is exhibited in Fig.l0 . On the transparent page 1 the
data from the 0.5 kg-charges at different distances / are gathered.
The scaling occurs vertically and is proportional to 1/A,. On
page 2 the same has been done for the 2.0 kg-charges, but here a

horizontal scaling occurs in accordance with point a) above. On




TABLE VIII

Aos A20 Aso Ass/Ar0]|Ays/Ass Remarka
W 0.5kg 2.0kg 5.0kg
h/% 60em S0em 123em
- a A 4 ) =0.6319+0.
; 2 :& z ggfa ( ”/ o 0.6319£0.0631
3f 11.33 - 26.67 Lu2ug | (4 )A = 0.4471£0.0274
| 1u.e7] 21.- 30.67| .6986 | .4783 el
s] 1u.50f 22.87] 32.87] .6396 | .uy38
s -
71 19.67] 35.67) 48.33)] .5514 | .ug70
8| 25.33] 37.- 55.33| .68u6 | .4578
9| 2u.- 41, - 51.- | .5854 | .u706
10| u40.33| 49.50| 61.67]|C.8147)|(.6540)
11| 54,- 55.- 61.67}(.9818)| (.8756)
12
13] u45.57] ©Su.- 64.- | (.8439)](.7120)
14| 394.67| 555.33| 595.- |(.7107){ (.6633) 3 = 1
15 62.- 72.33] 90.67)(.8572)|(.6838)
16| 96.- | 117.33| 10u4.33](.8182)|(.9202)
17 ] 124.33] 186.33| 251.67|(.6673)|(.u43540)
h/i 40em 63.5cm| 86em
1] 11.33] 26.- 35.33| .4358 | .3207 |4 ) = 0.4752£0.036
2 13.- 27.33 Sl = L4757 L4194 L
3| 12.e7]1 27.50| 38.87| .u607 | .3276 |4 /4 ) =0.3558£0.035
w|{ 15.33( 35.67| u46.33( .4298 | .3309 0.5 50 Ay,
sl 17.- 31.67| 48.32| .5368 | .3517
6
T 25 52.- 74.33| .u808 | .3363
8{ 32.33] 63.- 83.33( .5132 | .3880
9| 28.- 59.67| 75.33| .u692 | .3717
10| 49.67| 76.67( 106.33|(.6391)|(.4671)
11| 57.- 98.67| 132.33|(.5771) (.4307)
12
13| 63.33| 93.- | 136.- |(.6810)[(.u657)
14| 674.- | 856.67/1083.33)(.7868))(.6222)
15| 98.67f 125.- | 211.50]¢. 76502} (4523} IIIIIIIIIEI
16 137.- | 193.67] 265.33/(.7074)}(.5163)
17 ] 185.67| 246.67| 546.67|(.7527)|(.33986)
h/i 20em 32em 43em
1| 1s5.87| u7.- 67.- | .3334 | .2339 |4 /A4 ) =0.338920.035%
2 & B5. = 652 . 0.5 20 Av.
3| 16.33| 55.50| 79.- | .29u2 | .2067 }(4 ) - .2335%0.0209|
Bl 21.67] 67.50) 91.= .3210 .2381 03" 50 4y
s| 20.87| 61.- 95.- | .3389 | .217s
6 63.- | 103.-
71 32.67| 95.- | 131.- | .3u39 | .2ug9y
8| u3.- | 105.5 | 161.- | .u078 | .2671
9| 35.- | 113.5 | 158.- | .3084 | .2215
10| 66.67| 33u.5 - | ¢.1993)
11| 64.33| u07.- | u60.- |(.1581)((.1398)
12 280.- | 360.-
13| 78.33] 272.- - [(.2880)
14| 880.67|2418.50(5600.~- | .3641 [(.1573) -
hy = u.54
15| wu0.33 - -
16| 171.- | 610.- (.2803)
17(1098.67 -

page 3 the same procedure is repeated for the data from the 5.0 kg-

charges. Because the pages are transparent the figure reveals how

nicely the data seem to follow the scaling laws outlined above.

The ratios computed may to some extent be independent of eventual

One should at this point add the following remarks:

. -




TABLE IX
A, h, hy
W - d; 4, A,z A, Ali/Azi Ali/Aii Remarks
0.5] 1] 190 - 11.33) 15.67 A, /A, ;=0.855420.066
% § 2} 175 = 13.~ & ¢
71 3| 161 11.33] 12.67| 16.33| .e9u2 | .6938 |4, /4, =0.651120.052
ol 145 14.67| 15.33] 21.67 .9568 | .6770
s| 130 14,50 17.- | 20.87] .8529 | .7015
6] 130
7|1 115 19.67| 25.- | 32.67| .7868 | .6021 |5 = coom
3| 100 25.33| 32.33 wu3.- | .7835 | .s891 )
af a1 24, ~ 28.- 35.~ | 68577 | .eesy [k, = Hlom
10l 8o 40.33| wu9.s7| 66.67)c.8120)| c.6089)|n° = 20em
11 s S4.- | 57.- | 64.33}(.9u74)] (.839u)] 3
12 55
13l 55 4s.57] 63.33] 78.33|(.7196)](.5818)
18| 32 | 39u.67| s74.-| 880.67|(.5856)|(.uu81)
15| 36 62.~ | 95.67| wu0.33| C.6u81)|(.1408)
16 25 96.~ | 137.~ { 171.~ [(.7007){(.5614)
171 32 | 12u.33] 185.67|1098.67| C(.6698)[(.1132)
2.0] 1] 190 16.~ | 26.= | w7.- [ .615u | .3u04 |4 /4, =0.627520.072
x| 2] 175 14.- | 27.33] ws.- | .s123 | .3111
g 3[ 1e1 = 27.50| ss.s0f - A, /A, ,=0.3460£0.027
4| 1us 21.- | 35.87| 67.50| .5887 | .3111
s| 130 22.67| 31.67| 61.- | .7158 | .3716
8| 130 63~ -
7] 115 35.67) 52.- | 95.- | .6860 | .3755 |h = s0cm
8| 100 37.= | 63.~ | 105.501 .5873 | .3507 Ny
g 91 41.- | s9.87| 113.50| .6871 | .3612 [P, = B3-5em
10( 80 49.50{ 76.67| 334.50|(.6456)|(.1480) |4 = 32¢m
11 55 55.- 98.67| 407.- |(.557u)|(.1351)] *
12| 55 280. - -
13| us su.- | 93.- | 272.- | (.5808)|(.1985)
1ul 36 | 555.33] 856.67]|2418.50| (.6u82)[(.2296)
15| 36 72.33| 125.- 2 | c.5786)
16| 25 | 117.33| 193.67| 610.- | (.6058)|(.1923)
17] 12 | 186.33] 2u46.87 ST s et
s.0| 1] 190 93.33] 35.38] &7.- | .e603 .§;$2 A, /A, =0.6776+0.029
2| 175 93.= || 3= | B2.= | <7819 | <3770 . E 3
kg | 3| 161 35.87] 38.67] 79.- | .6887 | 3376 [P1g/Bsg™0-S6BZ0.076
ul 148 30.67| %6.33] 91.- | .682¢ | .3370
s| 130 32.67| u8.33] 95.- | .6760 | .3u39
6| 130 103.-
7| 115 48.33| 74.33| 131.- | .6502 | .3689 [n, = 129cm
8| 100 55,33| 83.33] 161.- | .e6u0 [ .3u37 |0 _ oo
af 91 §1.- | 75.33) 158.- | .6770 | .3228 |%
10| 80 61.67| 106.33 - {ssoo)| - fn, = usenm
11| 55 | &1.67| 132.33] 460.- | (.4660)|(.1341)
12} S8 360. -
13 45 64. = 136.- - (.4706)
1u| 36 | 595.- [1083.33|5600.- | (.5492)[(.1063)
1s| 35 | 90.87| 211.50 (.4287)
16( 25 | 104.33| 265.33 (.3932)
170 12 | 251.67| 546.67 (.4604)

systematic errors in the data. An example is the data from pick-

up no. 14 which evidently are erroneous. Still the ratio computed

from them is not unrealistic. This means further that even though

the data

give ratios with

fair degree of accuracy (<10%) they

may still exhibit a rather large

scatter. Fig.10 shows how this

is the case for data obtained close to the surface.
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Fig.10. Correlation of all measured
maxtmum amplitudes A
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It must be remarked that the data for the case of

W=10.56 kg and h = 20 em do not seem to fit in with the proposed
scaling procedure. It is therefore plotted in with its base line
dashed.

Finally it should be remarked that the exercise so far
has only given a scaling procedure for cases of free hanging charges.
If it is extended to the case of the charge in contact with the
surface, ( A, = 1 ), one would have been able to connect the pre-
sent result to the case of half burried charges and thus, through
the results of [3], also to the case of a confined charge. In
Fig.10 the data from shots 40 and 41 are plotted on page 4 realizing
that these data may be regarded as a case for which 4, = I,where-
as the other cases give values of this parameter as shown in
Table VIII . The fact that these data fit in so nicely with the
rest may be taken as a very strong indication that the scaling

procedure outlined here may be acceptable.

6. Conclusions from the VIKERSUND experiments.

It is not easy to draw general conclusions from experi-
ments within a limited range. Keeping this in mind one is however
encouraged by the apparent consistency in the data and an attempt

may be made to generalize the results as follows:

When comparing two cases I and II where the charges

WI and W}I
(:) h, above the surface of the rock, one will find that

the same maximum amplitude in the shock wave is created

are being detonated in the same distance

at distances dI and dII respectively, whereby
d, =d e (6.1)
(Maximum amplitude measured in [p-strain])

This is to be considered the first part of a "scaling law" or a

"model law". The non-dimensional distance %, used here is defined

. . | ‘ﬁaiiiii-["mhﬂi




as

= 22 = ]

h, = h/R , R = V3W/imp (6.2)

where %~ is the elevation above the surface where the detonation
takes place, and R is the radius of the equivalent sperical charge
with p as the density of the explosive..

The second part of the "scaling law" may be formulated

as follows:

When comparing two cases I and II where the same charge
<:> W is detonated at the non-dimensional elevations 7%, 7 and
3
h*,II respectively, one will find that in the same non-
. . . ¥
dimensional distance from the surface the shock wave :

will exhibit maximum amplitudes SI and SII respectively H

which will be related to each other through F

h ;

* \

R g 2 & (6.3) t

2 I7 h*I R
3

If this result can be substantiated and confirmed by further
experimental evidence, one has succeeded in relating at least one
important case of air blast induced shock waves in rock to the
case of a confined explosion. For cases where crater building
is a major factor in the process, reference is being made to

the handling of this problem in [3] .
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7. The CENSE experiments.

In connection with the VIKERSUND experiments,
which were conducted on a small scale, it may be of interest to
examine the results of the CENSE experiments. These were conducted
with charges which were orders of magnitude greater. The results
from these experiments are discussed in [2] and the lay-out of

the experiments is shown in Fig.1ll . The numbers indicate the 7

1000-LB LIQUID NITROMETHANE EXPLOSIVE

Fig.11. The experimental lay-out of the CENSE experiments.

different events, where for each event the position of the deton-—
ating charge is changed. In this way one covers the whole range of
positions above, on, near to and below the surface. For each event

recordings of the induced shock wave in the rock were made
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on a vertical ray through the center of the charge as indicated
through the vertical instrument array. In case 7 also a horizon-—

tal instrument array was in operation. Other measurements were

also made, but these are so far of marginal interest in the pre-
sent context.
It should be mentioned that the results of
q these experiments, as they appear in [2], are given in terms of
coupling factors. As an example:the ground shock factor Fu is

defined as

. peak horizontal particle velocity (7.1)

peak radial velocity for full containment (DoB = 7Rc)

It is stressed that the ground shock factor is determiue' from
measurements along the near surface instrument radial, and that i
data from the measurements directly beneath the explosive are

not included in the analysis. This is in contrast to the present

examination, where only the data from the vertical instrument
array will be used. (In event 7 also the horizontal array will

be considered.)

| 8. Peak velocity data from the CENSE I experiment.

The data from CENSE I are presented in the
form of recorded particle velocity as function of time as
examplified in Fig.12 . The peak particle velocity is rather

Gt Rl N
-

o ]

FT/SEC

VELOCITY

Fig. 12. Recorded particle veloeity at a distance of 20 feet
in Event 3.
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easily picked out from such recordings, and this quantity is t
used to characterize the shock waves as done also in the first
report [2]. These data are listed in Table X as the maximum
ampli tude Ai measured at pickup no. ¢ in a distance di from the

explosion. ‘

One may start examining

these data by looking at the fully
contained case, event 7. This is

to be a reference case and it is
imperative that this case is well
established. If the data are plot-
ted as done in Fig.12 , it becomes
however apparent that the attenua-
tion of the maximum amplitude of
the shock wave is much greater in
the vertical than in the horizon-
tal direction. This may indicate
that the rock (sandstone) exhibits
different properties as a wave-
transmitting medium in the two di-~
rections, i.e. the sandstone is
"layered". Or it may reflect the
fact that one or more of the pick-
ups used exhibit systematic errors.
Because repeated experiments were 1
not undertaken, and no other infor-
mation is available, the question

of which of the two possibilities

is really the case must remain un-

A
1 resolved.

A 1 | l | . . &
10 100 Both data from the horizon
DISTANCE d.[FT] tal and from the vertical array in ,
event 7 record what may be assumed ;

EHGe) an Dt S TSR Ve to be a sherical wave. The idea be-

hind the handling of the data from

— —
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TABLE X
Event |Pickup di Ai . = Remarks
No. 7 [ft]] [ft/sec] " u bu
3 Lo 463 .019 .359 Vertical
L 5( 219 022 | .264
o 5 60 b7 079 | .352 aEay
2 1 20 1.767 .015 .078
2 30 .514 .008 « 101 v - 1
3 4o (.432 (.018)1(.335) BESUS
4 50 170 JOVTE 205 array
® 5 60 Vi@ .060 .268
3 1 20 9.32 .080 e
2 30 3.184 .051 .624 .
3 40 .8LL4 a35 | 65k 1} Yerrieal
N 50 . 192 .019 el array
o 5 60 . 156 L084 | .373
L 1 20 12.85 « 110 .568
2 30 6.07T .096 .192 :
3 Lo .836 035 | .Eug |} Tertical
L 50 .62 .062 . T49 array
. S 60 .200 < YOT 478
5 1 20 | 22.64 . 194 1.0
2 30 5.10 .081 i :
3 40 1.29 054 | 1.0 Vertical
b 50 .828 .083 1.0
o 5 60 418 224 | 1.0 oy
6 1 20 [131.- 1. 122
2 30 | 15.5 246 3
3 bo | 2.203 .092 WRERS S
b 50 2.452 .2k4s array
4 3 60 e .388
T 1 20 |116.75 Y@
2 30 | 63.05 1.0 .
3 ho | 2h.0b  |1.0 SeECACa
L 50 10.- 1.0 array
A 5 60 1.863 1.0
6 20 31.7T8
k.
g Eg 3 ggg Horizontal
9 65 24995 array
10 85 Talb ]
11 100 .891
A




_27_

the charges placed on or near to the surface is to assume that
the situation on the vertical through the charge can be compared
with the confined case. Now, the confined case appears to give
ambiguous informations, and the reference case thus becomes un-—
certain.

In [2] the ground shock factor Fu is defined
in accordance with (7.1) where the data from the horizontal ar-
ray are used for the reference case. If a straight line is fit-
ted through the data points (A) from the horizontal array in
Fig.12 , an approximation to the attenuation curve is obtained
which may be expressed as

4 = 10758 d;2.03053

[ft/sec] (8.1)
where 4 is the peak particle velocity of the shock wave. The
mean deviation of the data points from this line is #35.7%.

The slope A of the attenuation curve determined
from the data of the horizontal array above is equal to the ex-
ponent —-2.03053 in the expression (8.1). The corresponding slope
determined from the data of the vertical array (&) in Fig.l2
is much greater. Even if the point originating from pickup no.5
is neglected as a stray point, the value of the slope would
be

A= -2,66817 (852)

and the mean deviation of the points from the straight line
shown in Fig.12 would be #32.6%. The difference in magnitude

of the slopes as well as the vertical position of the straight
lines representing the attenuation curves in Fig.12 is clearly
brought out by the plot. One has however a possibility to check
this result by drawing Fig.3 of the report [2] to attention.
This figure is reproduced in Fig.13 with the original figure
caption. It is seen that the different cases give lines of ap-
proximately the same slope A ~ -1.55. This indicates that the

present investigation may be based on data which differ from

S e
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DATA
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(ALL EVENTS)

PEAK PARTICLE VELOCITY, FT/SEC
°

0.1

SCALED RANGE , F1/L8 13

Fig.13. Replot of Fig.3 in reference [2] with
the caption:"Peagk particle veloeity
versus scaled range as a function of
charge containment".

those used in reference [2]. It should however be noted, that the
magnitude of the slope in Fig.13 corresponds well to the slope

A = -1.65suggested by Fred !i. Sauer in Nuclear Geoplosics [4] for
the socalled composite attenuation curve, and that the slopes
obtained from the present data in (8.1) and (8.2) seem unusually
high by comparison.

In spite of the discrepancy which seem to have
been discovered, it may well be that the data give adequate re-
sults for the ground shock factor Fu as defined in (7.1). This
factor is therefore computed for each shot and each distance in
Table X. Also the factor F; with the data from event 5 as refer-

ence has been calculated in the same table. Both cases reveal

that no obvious trend can be found in these results.
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TABLE XI
Event | Z a. Al B. 8.4,
7 z J J 1
J (ft]|[ft/sec]) [ft/sec]
1 3 Lo 463 11.82616 . Bl
L 50 .219 i
(e} 5 60 o Thp 2€
2 1 20 1. 76T .226k40 3.934
2 30 .51k 144
3 Lo (.432) 9¢
b 50 .170 « 3T
) 5 60 <112 L9
3 1 20 9.32 .53131 27
2 30 3.18L .876
3 Lo . 8Ll 1.292
i 50 .192 .294
o 5 60 . 156 .239
L 1 20 12.85 95670 12.29
2 30 6. 07T 5.81
& Lo .836 . 800
L 50 .620 .593
[ ] 5 60 .200 <1979
5 1 20 | 22.64 .58801) 13.313
2 30 5.10 2.999
3 40 1.29 759
I 50 .828 LU87
O 5 60 L1418 .2L6
6 1 20 ]131.00 .28552| 37.L40
2 30 15.50 L. 425
3 Lo 2.203 .629
L 50 2.452 .T00
2 5 60 2P .206

In spite of this rather discouraging result, one may
attempt to establish the ground shock factors by introduction of the
"shot factors" Bj
of the method of the least squares. The result is shown in Table XI

where the data from Event 7 have been disregarded entirely. The result

ought to be such that the data (di g Bin), when exhibited in an

points from this line will be

as shown in [3] and then determine these by means

attenuation diagram , would gather around a straight line
slope A. In the present case the calculation is based on the data

from the pickups 3 ,4 and 5 only, and the result is shown in Fig.l4

The slope A of the straight line and the mean deviation m of the




PEAK PARTICLE VELOCITY A; [FT/SEC]

DISTANCE d;[FT]

Fig.14 . Corrected data B.A. plotted as function of
the distance d..Y “The straight line repre-
sents the attehiuation curve for particle
velocity.

A= =3.21792 m= £27.0% (8.3)

It should be noted that the scatter indicated by m only reflects
the deviation of the data from the pickups 3 , 4 and 5. Fig.l4

reveals a much greater scatter as far as the data from pickups

no. 1 and 2 are concerned.




Event A. B, By B.B. a
i 7 | [ft/sec]| [ft/sec] ' [ft/sec] | [Tt
1 3 .L63 .500 [1.68912 .8L45 Lo

in .219 .2L8 419 0

(@) 5 ST . 125 271 60
2 1 1,767 1.600 20
2 .51k * 30

5 JL32 .800 Lo

i . 170 .233 50

® | .112 4 60
3 1 9.32 - 1.45665 - 2
2 3.184 - - 30

3 . 8Ll .851 a2k Lo

in .192 .200 .291 50

(] 5 .156 .1k2 .207 60
i 1 12.85 - .82302 20
2 6. T = 30

3 .836 .867 STk 4o

U .620 . 729 .600 0

] 5 .200 L2412 Sl 60
1] 22.64 26125 .Lo382| 12.96 20

2 5. 10 5.94 2.93 30

3 1.294 1.399 .691 Lo

i .828 .866 .Lho8 50

O 5 .b18 .52 <253 60
6 T4 131.00 134.36 20
2 1550 - 30

3]  2.203 * ko

i 2.452 * 50

L 5 722 721 60
7 ICTG 5 - 20
P 2| 63.05 69.80 30
3] (24.0k) * 0

41 (10.00) * 50

S 1.863 188 60

A 6 318 - 20
T k. 726 ko3 36

8 3.688 * 48

9 2.955 * 65

10 1.411 * 85

11 .891 “ 100
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Fig.15 . Corrected data B .B. plotted as function of
the distance d. ¢ v The straight line repre-
sents the attehuation curve for particle
velocity.

It must be mentioned that the data can be obtained

from a second set of curves, which is given with the first one.

This set is not as complete as the first one, the peak particle

velocities obtained from it are denoted by F. , and they are

given in Table XII, where for comparison the data Af are repeated.

Missing

information is denoted by a star (*) in the table, and

illegible signals with a bar (-).

tors" B.
J

The same procedure as before leads to the "shot fac-

in Table XII and the attenuation curve is shown in Fig.15.
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The slope A of the straight line and the mean deviation m of the

data points from this line are
A = —3.43788 5 m= 26.7% (8.4)

The scatter is about the same as in the case of the first data,

the slope A is also about the same, but in both cases are the
values (8.3) and (8.4) much greater than what was obtained in (8.2)
and (8.1). All cases give greater values for ) than what is exhi-

bited in Fig.13.

TABLE XIII
The ground shock factor Fu

Event| From [2]), From XI From [2), From XII, From [2] From XI
1 .100 .156 2T .292 .1k . 382
2 247 . 128 sl e 391 . 264
3 .398 . 186 .507 . 339 . 566 . 384
in . 566 .298 2R .600 .805 .615
5 .T03 .L86 .896 1.000 1.000 1.000
6 .785 1.000 1.000
f 1.000

Finally the ground shock factor Fu is found from Fig.13
and given in Table XIII with Event 7 as basis. If Event 6 is used
as basis, the factors will change as shown and compared with the
factors which can be computed from the Bj-values of Table XI. With
Event 5 as basis, it is possible to compare the factors from [2]
with those computed from the Bj-values of both Table XI and XII.
Even though the latter two agree reasonably well, it must be con-
cluded that the data upon which the present investigation is based
do not give results which conform with those reported earlier [2]

from the same experiment.

9. Final remarks

The CENSE experiment distinguishes itself from the
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VIKERSUND experiment in the basic philosophy upon which it is

planned. The CENSE experiment considers cases where the detonating
charge may be placed al all possible levels above as well as below
the ground surface. It is assumed that the shock waves created in

these cases can be related to each other and/or to the fully con-

tained case by a ground shock factor.

The VIKERSUND experiment is based on the philosophy
that a physically important difference exists between cases in
which the shock wave is created in connection with a crater formation
and cases where this is not the case. The VIKERSUND experiment
thus concentrates entirely on cases where the charge is detona-
ted above the surface or in contact with it. The case of the socalled
half-burried charge is considered separately in [3], and in spite
of the inadequate experimenta! support, it is believed that a way
is suggested whereby the properties of the rock both as a wave-
transmitting medium and its ability to withstand cratering is taken
into account.

Because of this situation, the two experiments con-
sidered in this report do not cover the same physical situations.
It could beforehand be expected, that they might in some way com-
pliment each other, but the discrepancies discovered prevent that.

The final result as far as the VIKERSUND experiment
is concerned is thus contained in the two statements (:) and (:),
equations (6.1) and (6.3). It should be emphasized, that further
experimentation seems necessary to furnish an adequate experimen-—

tal support for these results.
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